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Abstract

Ports are an important economic actor – at local, national and international scales - that have been identified as being
vulnerable to future changes to the climate. This paper details the findings from an international review of state-of-theart knowledge concerning climate risks, and adaptation responses, for ports and their supply chains. Evidence from
both academic and grey literature indicates that there has already been major damage and disruption to ports across
the world from climate-related hazards and that such impacts are projected to increase in the years and decades to
come. Findings indicate that while a substantial – and growing - body of scientific evidence on coastal risks and
potential adaptation options is acting as a stimulus for port authorities to explicitly consider the risks for their assets
and operations, only a notable few have actually made the next step towards implementing adaptation strategies. This
paper concludes by putting forward constructive recommendations for the sector and suggestions for research to
address remaining knowledge gaps. It emphasizes a call for collaboration between the research and practice
communities, as well as the need to engage a broad range of stakeholders in the adaptation planning process.

Graphical Abstract - Map showing ~1100 ports (green) out of ~3700 total (red) that have come within 50km of a tropical storm
from 1960 - 2016. Storm tracks in orange. (data from World Port Index and https://www.ncdc.noaa.gov/ibtracs/). Increase in
intensity of tropical storms is one of many climate drivers expected to affect seaports and supply chains.
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1 - Introduction
Over 3,700 maritime ports1 and their supply chains enable global and local commerce, fulfilling a
wide variety of functions for the local, regional, and global economy2-4. They provide jobs, facilitate
trade, and serve as links between the hinterlands (back region) and the forelands (seaward region)
of their markets. Port infrastructure requires deep water, quality connections for rail and road, and
some protection from atmospheric and ocean hazards. Most coastal cities originally grew around a
port hub and global trade routes then evolved into a network that now connects port cities across
the world. This ‘inter-connectedness’ means that even a short-term loss of port capacity (e.g., due
to a natural disaster) can cause local and global ripple effects in logistics and trade-dependent
industries5-7, such as imported food, energy, and assembled products.
Many ports regularly experience natural hazard events and about a third of the world’s ports are
located in areas prone to tropical storms (Figure 1)8. Climate change will likely amplify the impacts
of future coastal hazards. Projected changes include an increase in the frequency and intensity of
‘extreme’ atmospheric events - shocks such as storms, heavy precipitation, and heat waves9; as well
as longer-term changes to climatic variables resulting in ‘slow onset’ changes like sea level rise, wave
climatology, and sea-surface salinity (leading to higher rates of corrosion)10. However, at present,
these longer-term stresses (rather than shocks) are generally not being factored into port
management. Furthermore, climate change impacts will not be uniform globally and therefore
decision makers will need localized (downscaled) climate scenarios to inform the range of possible
climate ‘futures’ for consideration by individual ports and their supply chains.

Figure 1 - Map showing ~1100 ports (green) out of ~3700 total (red) that have come within 50km of a tropical storm from 1960 2016. Storm tracks in orange. (data from World Port Index and https://www.ncdc.noaa.gov/ibtracs/)

In response, this paper provides a comprehensive review of the current state of the literature
regarding climate impacts, and projected future climate risks, affecting ports and their supply chains;
as well as providing case study examples of climate assessments and sectoral adaptation efforts to
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date. In addition to providing an overview of current knowledge and practice, this paper identifies
remaining research gaps and offers insights and recommendations on the ‘next steps’ that ports and
supply chains could implement to enhance their resilience to a changing climate.
The paper first discusses the role of ports in local, regional and global economies, and provides a
summary of climate risks posed to these systems as currently understood by the scientific
community. It then reflects on the latest conceptual thinking that is informing climate resilience
actions and adaptation planning, before highlighting documented evidence of practical actions that
port authorities are carrying gout across the world to enhance the resilience of port infrastructure,
operations, and supply chain logistics over the coming century. The paper concludes by highlighting
continuing gaps in knowledge and recommending pathways for progressing climate resilient
planning for ports.

2 - Ports as links in supply chains in local, regional, and global economies
The development of shipping, especially container liner shipping, has fundamentally transformed
port operation, planning, and management since the 1960s11. First, the increase in ship sizes and the
restructuring of shipping networks reduced the number of port calls due to tighter physical (e.g.,
deeper water draught) and economic (e.g., utility rates of ships) constraints. This intensified interport competition, especially for the largest ports serving the major markets 12. Second, as
mentioned, ports are nodal components along transportation, logistics, and supply chains. Different
components along these systems; such as ship, cranes, warehouses, rail and road links; must
function together as cargoes move from producers to consumers at the right place and at the right
time12.
In this case, port infrastructures and facilities serve as the convergence points between different
transportation and logistics components/stakeholders; hence they are pivotal in defining the smooth
operation of global supply chains. In other words, ports never operate in isolation, but as parts of
complex transportation, logistics, and supply chain systems12. Thus, any climate-related disruptions
to ports have broader implications for the resilience of the global economy and human welfare. The
impacts of shutdown of Port of New York/New Jersey (USA) due to Hurricane Sandy in 2012
discussed in Section 3 below, serve as clear examples of how shocks can impact whole port systems.
Moreover, being the interaction points between land and water where people and cargoes interact,
ports are the economic drivers of, and linked to, the cultural centers of cities and surrounding
regions, and thus have an influence on the wellbeing of these cities and regions. For example, many
ports provide not only cargo-handling services, but also different ‘value-added’ services (e.g., quality
control, re-packaging, assembly, calibration), with the efficiency of the logistical entities dependent
on ports as the integrating catalyst13, 14. All these contribute to a significant narrowing of ‘margins of
error’ for ports for operational disruption or total shutdowns15. Any negative impacts posed by
future climate change would add more pressure to such margins.
To summarize, as key nodes that link countries and regions together through trade, the risks to ports
posed by climate change have broad implications for both local and global economies. As such, the
uptake of resilience measures by decision-makers will need high-quality theoretical analysis, highly
3

innovative assessment methodologies, and insightful empirical global experiences to identify
appropriate practices, planning, and policies to effectively manage the impacts posed by climate
change on transportation, logistics, and supply chains.

3 - Climate-related impacts and future risks for ports and supply chains
Port infrastructure, operations, and supply chains, are vulnerable to future changes to water,
oceanic, and atmospheric conditions (Box 1). Oceanic and water impacts include changes to: mean
relative sea level, storm water levels, wind waves and swell, tidal regime, sedimentation rates,
waterborne immigration of species, water temperature, ice levels, salinity and acidity16. Atmospheric
impacts include changes to average temperature, heatwaves and droughts, as well as precipitation,
wind speed and direction, associated with storms including hurricanes/typhoons. With some
exceptions, the IPCC9 reports observed increases in extreme hazards (Box 1), such as heavy
precipitation events, droughts and heatwaves.
Vulnerability is defined by the IPCC as “the propensity or predisposition to be adversely
affected. Vulnerability encompasses a variety of concepts and elements including
sensitivity or susceptibility to harm and lack of capacity to cope and adapt.”(p. 1775)49
Extreme hazards are generally defined in terms of the Annual Exceedance Probability (AEP)
or the Average Recurrence Interval (ARI) (i.e., how often an event may occur or its return
period in years). For example, The Rotterdam Maeslant barrier is built to withstand up to a
one-in-10,000-year storm. However, one of the defining features of climate change is that
the ARI is not static, i.e., under some future climate scenarios a one-in-100 year storm
becomes a one-in-three year storm18.
Box 1 - Definitions

While there is no evidence of an increase in overall tropical cyclone activity, trends show that there
has been an increase in the number of intense storms10 with some models projecting more intense
hurricanes for the Atlantic Basin17. Higher storm surges and river floods18-20, increased tropical storm
intensities/destructiveness21, 22, and potential changes in wave regimes9 could all cause significant
damage and operational delays at ports23-26.
As well as the impacts of extreme events, slow onset changes such as sea level rise are yet to fully
impact ports, though will increasingly do so in the future. Scientists expect global sea level rise ranges
from 0.6 to 2.0 meters by 210027-29 and some project an upper bound of 4.3 meters of rise by 220030.
Sea level rise can have major impacts when reinforced by increased storm surge heights and
associated flooding, and recent modeling indicates that the accepted understanding of frequency
and extent of storm surge and flooding may be conservative and have to be revised upwards31-33.
Significant economic costs result from extreme events, involving direct damages to infrastructure
and superstructure of ports and their supply chains, indirect costs to employment sectors and the
taxpayer, as well as intangible consequences such as pollution in an estuary or a lowering in quality
4

of life for port neighbors34. However, much of the available information on impacts to port logistics
is anecdotal and preliminary, and constitutes a significant remaining knowledge gap.
Many ports have been hit directly by tropical storms, with recorded damages totaling in the billions
of dollars35. In the U.S. for example, Hurricane Katrina caused $100 million in damages to the State
of Mississippi’s ports alone36, and Superstorm Sandy shut down the Port of New York/New Jersey for
over eight days26. In 2015, Cyclone Pam severely damaged Port Vila port, Vanuatu37, which is the
main port for the Pacific Island Nation and the city’s seafront is still being reconstructed (as of 2017).
Elsewhere, Typhoon Maemi left the Port of Bhusan (South Korea) inoperable for 91 days in 201338.
Ports and hinterlands are closely linked and disruptions along any supply chain components may
impact the whole chain14, 39. An excellent example is the damage of railroads connecting the port of
Churchill (Manitoba, Canada) with southern Canada, where the washouts of certain parts of the
railroads by serious floods in May 2017 have contributed to the nearly 100% suspension of the
supply of food and other necessities to Churchill and nearby communities through non-aviation
means40.
Other climate-related extreme events have also caused significant disruptions to port operations
and their associated supply chains. The port for Chennai, India, was severely damaged by floods in
2015, impacting the road and rail system with knock-on implications for the entire supply chain;
including, “importers, exporters, carriers, forwarders, warehouses and container freight stations”41.
Similarly, the 2011 flooding of inland coal mines in Queensland, Australia, reduced the throughput
at Port Gladstone by approximately 40 million tons, and heat waves in southern Australia in 2009
resulted in shutdowns of sections of the Port of Melbourne for three days42, 43. In the UK, the winter
floods of 2013-2014 caused an estimated £1.8 million in damage to ports44. In South America,
extreme rainfall resulting in flooding and landslides forced the closure of the Paranaguá Port in 2008,
one of the most important ports in Brazil, resulting in losses of $US 350 million45.
Some models have shown that, while all supply chains will have diminished resilience as climate
disruptions increase, a more complex supply chain, with a higher number of nodes and links, will
tend to be more resilient to climate-related shocks46. The impacts of climate change on flows of
materials, energy, and other supply chains, however, remains under studied47. Traditional
approaches to risk management theory tend to not take into account a projected increase in the
probability of an event and other complexities associated with climate change48. A paucity of data,
too, remains a challenge for understanding risk to supply chains, though there are efforts underway
to develop new tools to collect, analyze, and make public relevant datasets on a global scale47.
The modeling and data that are used to develop future climate projections have been evolving
and improving over the past 50 years50. However, the process remains complex. The generation
of highly technical scenario outputs involves selecting climate models or model ensembles,
choosing spatial and temporal resolution, representing different emission scenarios, accounting
for natural variability and uncertainties, as well as balancing the needs of scientific credibility
with usability51. Due to this complexity, port authorities would benefit from closer engagement
with the scientific community to better understand the dynamic nature of climate risks to ports
5

and their supply chains, and to use this evidence base to build resilience to future
environmental conditions. It is also worth noting that improvements in regional model
projections, both of future climate and of its impacts, are reliant on good quality observations.
However, there is currently a decreasing trend of investment in monitoring networks and onsite monitoring that port authorities should be encouraged to reverse52.

4 – Concept: port resilience to climate risks and adaptation planning
“Resilience” has different meanings for different stakeholders; its modern conception is most
commonly linked to ecology53 or engineering54. Both these communities of practice broadly
understand resilience as the ability to resist and/or quickly return to a functioning state after a shock
to a defined system. More recently, there has been increased interest in socio-ecological resilience,
particularly the ability of humans to learn from experience, accumulate new knowledge, and hence
make informed adaptation decisions that increase resilience55. In general, a resilient port or supply
chain may be understood to be one that can, “withstand an extreme event without suffering
devastating losses, damage, diminished productivity or quality of life, without a large amount of
assistance from outside the community”56.
In the face of climate drivers (e.g., sea level rise, extreme heat, stronger storms), a climate-resilient
port may continue to fulfill the following long-term goals: serve as a conduit for the exchange of
resources, materials, and finished products; facilitate business success and profit to firms; provide
for local, state, and/or national economic growth and stability; and deliver a public good that
minimizes environmental harm and contributes to residents’ quality of life34. Strengthening
resilience requires an understanding of the risks and vulnerabilities of greatest concern and a plan
of action for implementing resilience-building responses, including an understanding of the extent
and the limits of resilience. The following section describes current approaches and barriers to
resilience planning for ports

4.1: Climate risk and vulnerability assessment approaches
There is no scarcity of research investigating coastal climate risks and adaptation, notably sea level
rise57-60, vulnerability of coastal areas61-65, and the construction of coastal defenses via marine ecosystems66, 67. Less well studied are the impacts on port outdoor workers; though some anecdotal
evidence is available42. Some of these studies illustrate the urgency for adaptation plans to safeguard
economic activities, while others investigate the relationship between climate change and continued
resilience of the built environment. Notable examples include Rosenzweig et al68 who analyzed New
York City’s climate adaptation plan with an emphasis on the protection of coastal infrastructure; and
Hanson et al.69 who measured the exposure of major ports and port cities to the impacts posed by
a changing climate. Preston et al70 evaluated 57 climate adaptation plans around the world focusing
on the ‘quality’ of their planning process, while Osthorst and Manz71 investigated the changing
relationship between stakeholders and regions when developing adaptation strategies in Germany.
Australian studies assessing climate risks to ports include Mullett and McEvoy72 and Ng et al 73. Other
examples of research in this area include Stenek et al74 and Becker et al8 who studied the impacts
and challenges imposed by climate change on ports more broadly. These reports advocate climate
assessments and the development of adaptation plans by port authorities.
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Across the globe, scholars, policymakers, and industrial practitioners grapple with the complexities
of uncertainties in climate projections, high upfront costs, and often-unquantifiable benefits of
resilience investments. As yet, there are no generally applied methods for gathering and assessing
these data and a wide variety of approaches are being explored. Indeed, quantifying the potential
monetary impacts from a future storm, a set of storms, or the rise in sea level (for example) remains
very difficult. Thus, while perhaps less satisfying than a precise calculation of potential damages in
monetary terms, accounting for the experience, and perceptions, of experts directly involved with
port operations and planning serves as a foundational step toward choosing and implementing the
best new practices for any given port.
The process of planned adaptation generally begins with identifying the problem, including
understanding impacts, risks, opportunities, and vulnerabilities75. This is the subject of a great deal
of activity in this emerging research area76, 77. Though the process is iterative, problem and solution
identification generally takes place early on. For some ports, this process has recently begun42, 74, 78,
and indeed, ports are evidently adapting to, or coping with, the current incremental increase in
climate impacts (including absorbing costs to operations through increased down-time), but in
general a clearer definition of the extent of anticipated issues and solutions for ports is still needed79,
80
.
The first stage of planning for climate change establishes the context and defines the system under
investigation (including the boundaries of the system and the different elements at risk). Often, this
includes port assets and operations and extends to maritime supply chains. Both the seaward-side
of operations (ship movement and mooring, loading and unloading) and the supply chain hinterland
(road and rail movement, intermodal hubs) can be impacted by climate variability42. The second
stage of a climate change assessment is then to define the problem: What are the key climate
impacts that a port needs to adapt to? Generic adaptation actions cannot be adopted without
appropriate site level investigation as climate change impacts are specific to each port; even longterm global changes such as sea level rise will not affect all ports similarly For this reason, some port
authorities have begun to undertake location-specific climate change assessments using a variety of
methodologies81, 82.
One such approach is to undertake a climate risk assessment, which is often based on the
international standard ISO 31000:2009, Risk management – Principles and guidelines. This provides
the principles, framework and process for managing risk. This can be attractive to port businesses
that already use risk management tools to deal with other uncertainties of the business, such as
trade fluctuations. In Australia, for example, this risk-based approach has been extended to a
national standard on Climate change adaptation for settlements and infrastructure (AS5334-2013),
which includes the explicit identification and treatment of climate risks. A risk-based approach takes
the climate hazard as the starting point of analysis and introduces state-of-the-art climate scenarios
to an assessment by experts of the likelihood and consequence of a particular climate-related event
(see for example83-85). This approach tends to emphasize climate ‘extremes’ rather than longer-term
gradual change. As a consequence, uncertainties in the climate data (catered for by confidence
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levels in the assessment but sometimes used as a justification for deferring decisions), and scenarios
that look far into the future often misalign with many shorter organizational planning horizons8, 16.
A vulnerability-led assessment offers an alternative approach (see, for example, the UN-Habitat
series of vulnerability assessments for selected cities in the Asia Pacific region86). Starting from a
consideration of the vulnerability of the system and its component parts to current day climaterelated impacts (including recent trends), a vulnerability-led assessment provides a useful initial
foundation for considering changing risk profiles over time. One tool created for this purposes walks
port decision makers through a checklist to help them understand where their vulnerabilities may
be found87. A hybrid vulnerability and risk assessment framework has been put forward as one way
to combine the merits of the two approaches (Figure 2). Whichever approach leaders take to
conduct the assessment, they must be cognizant of any existing risk management strategy that a
port authority already has in place.

Figure 2 - Hybrid vulnerability/risk assessment process for ports 88

4.2 Adaptation planning for ports
Although many risks associated with climate change are not inherently “new,” there are still few
standards for addressing climate risks. Modifying this approach to incorporate current day
vulnerabilities to extreme weather events, as well as considering future climate impacts to create a
“hybrid risk/ vulnerability assessment”, as indicated in the previous section, can address two key
barriers to effective climate change adaptation at ports: inconsistency in planning horizons, and
uncertainty of future localized climate projections (in combination with other non-climate
uncertainties).
In terms of planning horizons, researchers have noted8, 16, 89 that the short organizational port
planning timeframe of 5-15 years does not easily facilitate consideration of climate impacts that may
not materialize for 30 – 90 years. However, port infrastructure generally lasts beyond these short
planning timeframes, and maintenance, retro-fitting, and future development of infrastructure,
needs to be fit-for-purpose for future climate conditions.
With a firmer sense of the nature of the challenge faced by port stakeholders, the adaptation process
can move to identifying potential solutions90-93 in a shift from understanding the nature of the
8

problem, to selecting and implementing adaptation strategies. Plans for climate adaptation must
focus both on short-term solutions (e.g., elevating electrical equipment or developing better
emergency response plans) and longer-term solutions (e.g., capital improvements or major changes
to operations – see Table 1 for other examples). Once measures are identified, the weighing of costs
and benefits, securing necessary funding, design selection, environmental permit application and
actual construction (of new structures) or facilitation (of drafting new policies and plans or other
‘softer’ solutions) can begin. This work can be particularly vexing, as many strategies require
significant investments today and a payoff that may not be realized for several more decades.
However, as projected changes in the oceans and atmosphere progress through this century
and beyond, many coastal decision makers, particularly those with responsibility for port
operations and development, will likely begin to take actions to adapt. In many cases, they will
begin with inexpensive changes or reactive measures following a climate-related impact. For
example, the 2009 heatwave in SE Victoria melted the tarmac on some port wharves in
Melbourne causing loading work to cease. These wharves were subsequently resurfaced in
concrete, eliminating the problem for future heat events.
Other inexpensive strategies include elevating utilities, enhancing flood berms, or storing data
backups offsite94. Soft strategies such as creating new planning documents, changes to budgets,
increasing insurance and adopting new design standards can usefully augment hard strategies such
as building new coastal defenses or raising port elevations. However, the key to these is incorporating
multiple stakeholders into the adaptation process, from engineers, to planners, insurers, regulators
and others (Table 1).

Consider adaptation in long-range plans

✔

✔

✔

✔

Learn from those at the forefront

✔

✔

✔

✔

✔

✔

Hard strategies

Create financial instruments to support
adaptation
Improve decision support tools and
information
Increase standards of port construction to
deal with higher winds
Increase funding for dredging and beach
nourishment programs
Increase standards of port construction to
deal with higher winds
Expand
dredging
and
nourishment

✔

✔

✔

✔

✔

✔

✔

✔
✔

✔

✔

✔

✔

✔
✔

✔

✔

✔

✔
✔

✔

✔
✔

Emergency Responders

✔

Regulators

✔

Shippers

Enhance emergency evacuation plans

Port Operators

Planners

Soft strategies and least regrets

Scientists

Stakeholders to be engaged

Insurers

Possible responses

Financers

Potential impacts from climate change:
Increase in height of waves that reach the
port, flooding of port and transport
installations, increase in coastal erosion,
increased downtime due to flooding and
higher winds, Increase sedimentation and
erosion rates, Operational delays

Engineers

Table 1 – Selected climate change impacts, responses and relevant actors79

✔
✔

✔

✔

✔

✔
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programs to handle increased quantity of
sediment shifting
Increase Breakwater Dimensions

✔

Move facilities and managed retreat

✔

✔

✔

Raise port elevations

✔

✔

✔

Raise transport levels or build coastal
defenses
Build new coastal defenses

✔

✔

✔

✔

✔

✔

✔

Increase port size to deal with bottlenecks

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

As impacts of climate change become more profound, many port communities will need to consider
more transformational adaptation strategies93, 95. For example, there are three major adaptation
responses to sea level rise: elevate, defend, or retreat93, 96, 97. Elevating a port typically entails raising
the port above the floodplain, reconstructing facilities at the new elevation, and designing a system
to accommodate the difference in heights between the water level and the port infrastructure98.
Defending a port entails construction of a coastal protection solution, such as a caisson breakwater,
often with floodgates or locks to allow for the passage of ships99. In areas where adjacent land is not
available for development, ports can expand by filling in submerged land to a sufficient elevation
that will also protect existing infrastructure. Retreat will likely be the option of last resort because
adjacent hinterland areas are typically not vacant or available for relocation, and regional economies
depend heavily on their local port. Unless a protected deep river or estuary is available, most ports
will likely either occupy their current location or be abandoned, perhaps in favor of consolidation
into a larger regional “super-port”. Regardless of which overall strategy (or strategies) port decision
makers choose, climate change adaptation to sea level rise – whether through elevation, defense,
or re-construction of infrastructure - will need to draw upon a wide variety of technological,
engineering, design/maintenance, planning, insurance, and management options (Table 2) and
engage many stakeholders in the process.
While implementing resilience strategies will no doubt be costly, some ports may find that
resilience provides a competitive advantage. Shippers may be more comfortable investing in a
“climate-ready port,” for example. Extreme events would likely result in far less damage to port
property and to the surrounding environmental and communities. Also, insurance premiums
might also be lower for ports with lower risks. On the other hand, ports need to consider that
many resilience investments will simply buy them time, but not solve the ultimate problem. For
example, a port might invest in a one-meter sea level rise solution, but eventually sea levels will
likely continue to rise well beyond one meter. Thus, investments in resilience for a port should
be thought of as stop-gap measures that will allow for continued operation until a certain
threshold is exceeded. Finally, the resilience measures considered for a given port must be
considered within the context of its supply chain and surrounding community. A resilient port is
only as resilient as the weakest link in its connecting roads, rails, pipelines and other critical
infrastructure.
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Table 2 - Adaptation Actions for Ports 100
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4.3 Barriers to adaptation
Ports around the world are arguably only at the beginning of understanding the full range of
potential solutions to the climate change challenge8 and public examples of strategy
implementation, monitoring, and revision still remain few and far between101. There are many
reasons that can explain why ports have not yet successfully introduced substantive adaptation
measures for future climatic conditions. Some of the key barriers portrayed in the literature are
described next.
Working with uncertainty
Uncertainty is an inherent element of future climate risk assessments. As so many factors are outside
a port’s control and may also change in the future (including non-climate factors), it can be difficult
to assess the effectiveness and appropriateness of individual adaptation actions. Uncertainty is
inherent in future climate projections, and the lack of availability of projections at the local level can
lead decision-makers to defer actions until there is more certainty in projections. Ultimately, better
understanding the vulnerability of ports will lead to impetus for adapting ports and port systems to
new climate regimes102.
Long timescales
As mentioned earlier, one of the main challenges of climate adaptation for ports is that many future
climate change impacts may fall outside the planning horizon of the ports, but investment in longlived assets needs to be considered now (particularly in the case of hard infrastructure).
Multiple stakeholders and fragmented decision systems
Simply defining the system of concern can be a significant challenge. A port authority may have
jurisdiction over its own land, but as a part of a supply chain there are many stakeholders impacted
by its decisions. A port is typically one part of a harbor that involves numerous private businesses,
public agencies, community groups, and the public. Many have overlooked the fact that port
operations are largely a business activity in which decision-making is closely knit with multiple
stakeholders. The attitudes of port decision-makers (policymakers, private, terminal operators, and
others) about how climate change impacts should be addressed – given time and budgetary
constraints - will shape the planning approach, process, and outcomes. Why should a private
terminal operator invest in items that would mainly benefit the future holders of the concession103?
In addition, it is not always clear which stakeholder is best positioned to champion a large-scale
resilience project that benefits a region.
Defining appropriate measures of success
A direct consequence of long timescales for climate risks and resilience measures can be the issue
of correctly assigning costs and benefits to a particular adaptation action over time. The same
challenge exists for the monitoring and evaluation of resilience investments, e.g., building new
berths to higher levels to accommodate projected sea-level rise. Several studies have elaborated on
some of the core principles that underpin effective adaptation89, 104. This challenge encompasses
both the selection of appropriate metrics for monitoring performance, as well as the definition of
“success”.
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A successful adaptation initiative needs to encompass the principles outlined earlier, as well as being
equitable, efficient and effective. How will unintended impacts be measured to determine if the
initiative was a “success” for the port, and other stakeholders? More research is needed to develop
appropriate adaptation indicators for ports. As part of a good monitoring and evaluation process,
ports need to determine the purpose of the evaluation at the outset. Importantly, ongoing learning
is an important aspect of adaptation, and should be considered at the initial planning stage. When
undertaking (unprecedented) adaptation planning, many ports choose to go it alone with limited
consultation with other stakeholders or the public, based on established planning approaches based
on short term political and economic priorities105.
Cost of adaptation
Finally, given the difficulty in defining the problem, port decision-makers are often ‘half-hearted’
about implementing effective adaptation strategies, especially under budgetary constraints and
imperfect information, even if they are well-aware of the potential (negative) impacts that climate
change can bring to effective port operations and the necessity for action106. With many solutions
requiring investment on the scale of hundreds of millions or even billions of US dollars, a port
authority or other individual stakeholders will simply not be able bear the cost without significant
assistance from a national government or outside investor. Though there are new financing
structures such as public/private partnerships being proposed, there are still few places to look for
best practices to fund major resilience investments107.

5 Application: examples of adaptation and resilience studies
In the past decade, collaborations between academics and practitioners have begun to address
climate risks to ports on both a multi-port and single port case study scale. Both approaches play an
important role in developing an understanding of adaptation implications on the local, regional, and
global scale. This section discusses a variety of approaches and summarizes some of the key
strategies and approaches undertaken by ports around the world.
5.1 Multi-port studies
Multi-port studies so far have focused on the broadest quantification of both the risks to ports and
the costs associated with adaptation. Perhaps the first global study of port adaptation consisted of
a global survey of port authorities conducted in 20108. This study demonstrated a high level of
concern amongst port authorities, the lack of action at that point, and provided a baseline from
which future work specific to ports could develop. Regional, national, and global studies specific to
port climate assessment are still in a nascent stage. A review of such approaches by McIntosh and
Becker discusses many of the difficulties inherent in quantifying concepts such as “resilience” and
“vulnerability” that are, in and of themselves, directly immeasurable108. Such studies rely on expert
input and the use of “indicators” that serve as proxies for these fuzzy concepts.
Though focused at the “port city” scale, Nicholls et al109 established the magnitude of the challenge
of coastal cities throughout the world, finding that by 2070 the exposed assets in 136 large port cities
could grow to $35 billion (more than ten times today’s exposure), if climate change is left unchecked.
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This study used indicators such as elevation, population, water levels, and values of assets, to arrive
at an estimate for exposed assets.
One of the more direct effects of climate-related events on port operations is the shutdown of port
operations resulting from storm events. On a regional scale, Esteban et al110, 111 looked more closely
at the details of port downtime in Vietnam and Japan. Their work suggests that a 10% increase in
typhoon intensity can result in between 18% and 43% more downtime for Japanese ports, resulting
in significant costs to the national economy. Chhetri et al112 expand on this approach using a
Container Terminal Operation Simulation (CTOS). This simulates the operations of port operational
assets such as cranes, straddle carriers, and trucks to observe the individual and collective behavior
under various extreme weather events using a set of Key Performance Indicators (e.g., crane rates,
straddle productivity, truck queue length, yard utilization).
Another study looked at the consequences of adaptation and modeled the resource materials
required to protect the world’s most important ports. Findings suggest that approximately 436
million cubic meters of construction materials, including cement, sand, aggregate, steel rebar,
and riprap would be required to build dikes around ports as defense against a 2 meter sea level
rise113. This study underscores the importance of considering adaptation both locally and globally,
as the implications of adapting many ports (or other coastal infrastructures) can be far-reaching in
terms of supply and demand for physical resources.
5.2 Local port case studies
Single port studies vary in their approaches and usually rely on expert judgments from members of
a given port community. The impacts of climate change vary significantly across countries and
regions and the intensity of its effects will also vary over time depending both on natural climate
variation and the degree of anthropogenic warming of the atmosphere. Thus, translation of climate
science into formats suitable for port authorities is a critical part of the adaptation process, and
emphasizes the need for collaboration between ports and scientists. Port authorities must be able
to manage both the natural variations in the climate at their port, which are generally understood
as existing within known parameters, and a climate that is changing in potentially new ways.
Ports have conducted climate assessments or adaptation planning efforts using a variety of
methodologies (examples in Table 3). One approach -- a resilience index developed in the USA -assists port authorities in taking a critical look at their own vulnerabilities87. Piloted with the ports
of Pascagoula (FL), Lake Charles (LA), and Corpus Christi (TX), the approach facilitates a participatory
process that helps various stakeholders recognize priority risks through a self-directed questionnaire.
The Port of San Diego (CA) in the US coupled an adaptation planning process with a climate
mitigation approach in their Climate Mitigation and Adaptation Plan (CMAP)78. The process proved
challenging, as it was far more difficult to find consensus around adaptation milestones and metrics
than it was for mitigation metrics (in the end, the Port suspended the adaptation plan, but adopted
the mitigation plan). Another study in the USA facilitated a robust stakeholder dialogue around longterm planning options for the Port of Providence (Rhode Island). This approach did not quantify port
vulnerabilities, rather it engaged stakeholders in exercises that allowed them to identify the
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complexities of resilience planning in order to plant the seed for future decision making114.
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Table 3 - Examples of local port climate and vulnerability assessments
Port Name

Assessment Name

Lead

Avatiu Port, (Roratunga, Cook
Island)

Climate Risk Assessment for Avatiu
Port and Connected Infrastructure

University of New South Wales Water
Research Laboratory

Port of Felixstowe, (Suffolk, UK)

Climate Change Adaptation Report
Felixstowe Dock and Railway
Company August 2015

Hutchison Ports
Committee

Meulles el Bosque, Cartagena
(Columbia)

Climate Risk and Business Ports
Terminal Maritimo Muelles el
Bosque Cartagena Columbia

International Finance Corporation

Port of Seattle (WA, USA)

Planning for Sea Level Rise: The
Current
State
of
science,
vulnerability of port of Seattle
Properties to sea level rise, and
possible Adaptation strategies

Port of Seattle

Port of San Diego (CA, USA)

Climate change and sea level rise
impacts at ports and a consistent
methodology
to
evaluate
vulnerability and risk

Port of San Diego, CA

Port of New York and New
Jersey (USA)

Case Study: Assessment of the
Vulnerability of Port Authority of
NY & NJ facilities to the Impacts of
Climate Change

Rockefeller Foundation and NY City Panel
on Climate Change

Port of Hamburg (Germany)

IAPH-Report on Seaports and
Climate
Change
and
Implementation Case Study for the
Port of Hamburg

Hamburg Port Authority

Port Kembla (Australia)

Seaport Resilience to Climate
Change: mapping vulnerability to
sea level rise

National Climate Change Adaptation
Research
Facility
(NCCARF),
RMIT
University School of Business, The
University of Queensland

Port Louis (Mauritius)

Sub-Saharan African Cities: A fiveCity Network to Pioneer Climate
Adaptation through participatory
research and local action

International Development Research
Council and Department for International
Development

Thessalonica Container Terminal
(Greece)

A Risk Assessment Methodology in
Container Terminals: The Case
Study of the Port Container
Terminal of Thessalonica, Greece

Department
of
Maritime
University of Piraeus

Port of Manzanillo (Mexico)

Port of Manzanillo Climate Risk
Management

International Finance Corporation, World
Bank Group

Port Kembla, Gladstone Port,
Port of Sydney (Australia)

Understanding future risks to ports
in Australia, Enhancing the
resilience of seaports to a changing
climate

RMIT University
Queensland

Port of Providence, RI (USA)

Hurricane Resilience: Long Range
Planning for the Port of Providence

University of Rhode Island and RI Dept. of
Transportation

UK

&

Environmental

Studies,

University

of

Elsewhere, the UK Climate Change Act 2008 invited Port Authorities with a throughput of more than
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10 million tons of commercial cargo (annually) to prepare a report on the current and future
predicted impacts of climate change on their organization and their proposals for adapting to climate
change. As a result of this Act, there were eight publicly available port authority adaptation plans at
the time this paper was drafted, five of which to date were revised and updated in 2015115. In
Australia, a study of climate futures for the Port of Gladstone entailed the use of several different
Global Climate Models (GCMs) to model a range of variables that were not all available either in one
individual model or in a compatible ensemble of models. This approach added to the complexity and
richness of the result42, 100.
The Port of Rotterdam (NL), one of the biggest ports in the world, has a pro-active plan for dealing
with the consequences of climate change. Currently the city and the Port have flood protection in
place rated at managing a one-in-10,000-year flood event. The old port is also being redeveloped
into new, sustainable areas for living, working, education and recreation. This work is undertaken as
part of the C40 “Connecting Delta Cities” network116, 117. Two further illustrative examples of
industry-leading risk and adaptation assessments from Canada and Colombia can be found in Boxes
2 and 3.
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Port of Vancouver (POV) is the largest port in Canada in terms of tonnage (Figure 3)118. Located along the
Pacific coastline, shocks to its operation pose substantial impacts on the city of Vancouver, the Province of
British Columbia (BC), and Canada as a whole 119 . POV and its facilities face threats from climate-related
flooding from the Fraser River, and a serious flood event may cause the city of Vancouver billions of dollars
in terms of economic damage120 . POV has undertaken adaptation planning since the early 2010s, but has yet
to define or establish an appropriate approach and relies on regional collaborative efforts, such as the Coastal
Flood Risk Assessment (through the Climate Change Adaptation Strategy adopted by the city of Vancouver
in 2012) and Lower Mainland Flood Management Strategy (initiated and coordinated by the Fraser Basin
Council (FBC) in 2014). Both attempt to understand the current and future scenarios for the sake of more
effective adaptation planning, but find it difficult to proceed to the ‘implementation stage’.
The first challenge is a lack of consensus around funding and leadership. No regional stakeholders are
proposing significant action plans and questions around jurisdictional responsibilities also pose additional
barriers. However, if the Canadian Federal Government takes the lead, its common funding standard may
not apply to all stakeholders, not to mention to the sensitive issue of fairness to different provinces.
Unsurprisingly, the result is ‘wait and see’. The second challenge is the focus on physical works with
(comparative) negligence on costs. Port stakeholders overwhelmingly favour protection when tackling flood
risks. Although the British Columbia Provincial Government (BCPG) dedicate some funds to the municipalities
for this purpose, they require the latter to share up to 33% of the costs in capital works. This discourages
many municipal authorities from participating121. This raises the third challenge - the institutional problem
of adaptation. BCPG follows its typical approach in infrastructure funding: upper levels of the hierarchy
devolve responsibility to the lower levels, but it is only when the local authorities agree to undertake
responsibilities (in terms of ownership, operation, and maintenance) that a project would actually proceed.
This suggests that the emphasis on the physical approach to adaptation may make the financial and
institutional constraints even more explicit.

Figure 3 - Jurisdiction map of Port of Vancouver, Canada104
Box 2 - Spotlight on Port of Vancouver, CA
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A study in Colombia by The World Bank assessed the climate change risks to the whole port system (Figure 4), with the aim
of providing a case study for other ports and authorities to follow. It centered on the following questions:
• What risks and opportunities do climate change present for the port?
• What are the most significant risks for the port?
• How could the port manage climate change risks in the most economically optimal way, taking account of
environmental and social objectives?
• How could climate-related opportunities be developed and exploited?
• Where could the port work in collaboration with other stakeholders to manage climate risks?
• What tools and techniques for climate risk assessment and management can be applied to understand these issues?
This is one of the few studies that combines an analysis of the potential effect of climate change on the port
infrastructure, its supply chains and the business of the port. It recommends a range of adaptation options that
include: for port infrastructure – paving parts of the port, improving drainage and raising the height of storage
warehouses; for supply chains - raising the height of access roads; for business – investing in development of trade in
‘climate resistant commodities’ and increasing insurance.

Figure 4 - Conceptual model of a port and the main activities affected by climate change. Diagram from the International Finance
Corporation, World Bank, 2011 study of Terminal Maritimo Muelles el Bosque, Cartagena, Colombia74
Box 3 - Spotlight on Muelles el Bosque, Columbia

6 - Concluding remarks, recommendations, and next steps
As climate change risks have become increasingly recognized and understood by the scientific
community, vulnerable sectors such as shipping, ports, and supply chains are now beginning to
consider implications for both for their long-lived infrastructure and the efficiency and resilience
of their operations. Climate change will likely emerge as one of the most complicated and
expensive environmental challenges that modern society has faced. Though the major drivers for
ports will be from sea level rise, storm events, and heavy precipitation, other climate impacts will
also take a toll. For example, an increase in heat events might affect worker productivity or energy
consumption of chillers and refrigeration units. Ports in flat low-lying areas will face a greater
challenge than those in areas with steeper terrain that can more easily accommodate the
construction of a storm barrier. Also, while sea level rise may help some ports to accommodate
deeper draft vessels, it also could cause an increase in the rate of sedimentation leading to some
dredged channels to require more frequent maintenance. The financing of major resilience
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enhancements will also prove daunting. While many larger ports may be able to implement
incremental strategies, such as elevating their infrastructure or building barriers113, 122, many of
the world’s smaller ports may not have the resources to take on this scale of project. Some nations
may look toward consolidating port infrastructure, which could cause some coastal areas to lose
their local port functions to a larger (and more protected) port in their region. Finally, while there
is an increase of research attention on the climate resilience of port systems, there is still a scarcity
of literature on the wider impacts affecting supply chains
Our review of scientific and grey literature found that while a significant number of international
ports are increasingly cognizant of the challenges and opportunities posed by climate change, a
much smaller number have taken the next step and developed and then implemented strategies
specifically designed to address climate change or alternatively mainstreamed climate change
considerations into existing risk management plans, often seen as the most desirable course of
action by port authorities.
Our findings closely mirror many of the issues addressed at a United Nations Conference on Trade
and Development’s (UNCTAD) Ad Hoc Expert Meeting on climate change and port adaptation
(2011), one of the first such meetings of its kind. Participants highlighted the importance of
obtaining reliable information that provides clear insight on how climate change risks would
impact port facilities and operations, and thus the quality of a port’s strategic planning123. New,
innovative approaches should be developed that reduce uncertainties and clarify priorities, while
catalyzing a transformative adaptation process124. Threatened uses (e.g., ports and port
infrastructures) must develop plans and actions that can be applied into a normative, historically
contingent and economically sensible context, and enhance capacities and resilience to
(diversified) climate change impacts in the long term. Such planning is particularly important for
developing nations and Small Island Developing States that depend on ports as lifelines for island
economies.
Adaptation measures will involve infrastructure, supply chains, and people. It will consist of both
process (changes to practice, knowledge management etc.) and physical outcomes (actions such
as flood defenses). As adaptation planning and implementation evolve, the port community will
benefit from continued dissemination of progress, lessons learned, and methods to evaluate the
effectiveness of various alternatives. Suggestions culled from the literature for the development
of research and adaptation guidelines in support of climate resilient ports include:
•
•
•

•

Ensure executive level understanding and commitment to adaptation;
Build or secure appropriate technical capability – to undertake climate risk assessments,
and to assist with implementing adaptation options, and ongoing monitoring;
Work in partnership – climate impacts do not respect borders, working with relevant
partners contributes to more effective outcomes; building “regional redundancy” capacity
can help damaged ports bounce back from storm events more quickly by accessing
resources (e.g., equipment, cargo rerouting) at nearby facilities.
Understand risks and thresholds both for the short term and the long term – ideally
identified and analyzed through some form of risk assessment process;
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•
•
•

•
•
•

Support the risk assessment by monitoring, recording and analyzing data at the port site
(particularly measurement of key climate variables and of course sea levels).
Employ adaptive management principles to cope with uncertainty – that is, iterative
decision-making, incorporating feedback, and testing / updating of assumptions;
Look for “no/low regrets” and “win-win” adaptation options - those that as well as
reducing the risks of climate change impacts, help produce other benefits; in particular,
encourage / promote the concept of an adaptation pathways approach for sea ports that
encourages planners to consider a number of defined possible future scenarios (see, for
example, the Thames Barrier 102, 125, 126)
Avoid “maladaptation” – or actions that limit future adaptation options;
Ensure adaptation measures are equitable – the effects of different adaptation efforts,
and the costs should be considered across different groups/sectors;
Develop new tools for objective multi-port assessment of port vulnerability that
complement the self-assessments discussed in this paper. As adaptation resources will
likely be scarce, decision-makers need criteria to help evaluate priorities for resilience
investments that project the public, as well as private, interest108.

On every scale, from specific organizations127 to nations as a whole128, adaptation involves
multiple actors, policies, and practices and requires communication and public engagement to
ensure success101. Policymakers and port practitioners will benefit from decision support –
whether through knowledge, innovative tools, ideas, and guidelines – to effectively respond to
the climate change challenges for ports, transportation, and supply chains. Simultaneously,
individual scholars and research efforts will benefit from access to appropriate personnel for data
and information collection. Scientists and academics have an important role to play in such multistakeholder networks. Firstly, they can help to define the problem, by enhancing port authorities
understanding of climate change and future risks, both theoretically and through empirical
evidence. Second, they can support the development of robust strategies and practices that adapt
to climate change and build in long term resilience. Third, through research, they can contribute
the latest scientific knowledge directly through these networks.
Thus, a partnership approach between research and practice can and should be leveraged to
address these challenges so as to effectively adapt ports to climate change. A partnership
approach can create an integrated knowledge base and management system, and add value to
port stakeholders’ efforts and building the capacity to address climate change impacts. Forming
partnerships can serve as the pioneering step towards transnational collaborative networks
between port stakeholders around the globe, encouraging mutual trust among stakeholders from
different sectors, countries and regions. In addition, it facilitates knowledge and information flows
and establishes ‘common stories’ that address a growing global problem, with strong local
perspectives and interests. Information exchange through partnerships allows scholars,
policymakers and industrial practitioners to compare their local approaches to international
practices. For example, assessment tools can demonstrate to the broader port, transportation,
logistical and supply chain communities how well particular elements are functioning.
Partnerships can also lead to unified data collection and dissemination, alleviating the burden of
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filling in the same data for diversified purposes. Scholars, policymakers, and industrial
practitioners, should engage in new collaborations to better understand the priority risks and to
identify and implement options that will enhance the resilience of their facilities and operations.
Finally, and perhaps most importantly, we recommend engaging a wide range of stakeholders into
dialogue around adaptation. Planning for large-scale change requires years or even decades of
discussion, assessment, and decision-making. The magnitude of potential changes suggests that
major investments will be needed to properly adapt many port areas. Since ports and supply
chains make such strong contributions to the economy, many sectors of society will pay the price
if ports are not properly adapted to new environmental conditions. Thus, communication about
port resilience must extend far beyond the port and terminal operators themselves to include
environmental advocates, politicians, and the general public.
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Captions for Figures
Graphical Abstract - Map showing ~1100 ports (green) out of ~3700 total (red) that have
come within 50km of a tropical storm from 1960 - 2016. Storm tracks in orange. (data from
World Port Index and https://www.ncdc.noaa.gov/ibtracs/). Increase in intensity of tropical
storms is one of many climate drivers expected to affect seaports and supply chains.
Figure 1 - Map showing ~1100 ports (green) our of ~3700 total (red) that have come within
50km of a tropical storm from 1960 - 2016. Storm tracks in orange. (data from World Port
Index and https://www.ncdc.noaa.gov/ibtracs/)
Figure 2 - Hybrid vulnerability/risk assessment process for ports 81
Figure 3 - Jurisdiction map of Port of Vancouver, Canada104
Figure 4 - Conceptual model of a port and the main activities that can be affected by climate
change. Diagram from the International Finance Corporation, World Bank, 2011 study of
Terminal Maritimo Muelles el Bosque, Cartagena, Colombia68
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